Binary neutron-star mergers will predominantly produce black-hole remnants of mass ∼ 3-4 M , thus populating the putative low mass gap between neutron stars and stellar-mass black holes. If these low-mass black holes are in dense astrophysical environments, mass segregation could lead to "secondgeneration" compact binaries merging within a Hubble time. We estimate the probability of producing low-mass compact binary mergers through this mechanism, and investigate their observable signatures. We show that this unique population of objects will be uncovered by third-generation gravitational-wave detectors, such as Cosmic Explorer and Einstein Telescope. Future joint measurements of chirp mass M and effective spin χ eff could clarify the formation scenario of compact objects in the low mass gap.
INTRODUCTION
Gravitational wave (GW) observations over the past four years have sprung several surprises. About half of all black holes (BHs) discovered by the LIGO and Virgo detectors during their first and second observing runs had component masses m i (i = 1, 2) larger than ∼ 30 M , with some of them as massive as 50 M (Abbott et al. 2018b) . These BH masses are larger than the BH masses of 25 M estimated from X-ray observations (Casares et al. 2017) . Eight out of ten binaries had an effective spin χ eff ≡ (m 1 χ 1 cos θ 1 + m 2 χ 2 cos θ 1 )/(m 1 + m 2 ) (where χ i denotes the Kerr parameter of each hole and θ i is the angle between each spin and the orbital angular momentum) consistent with zero within the 90% credible interval (Abbott et al. 2018b) . The large merger rate of binary BHs hints at a scenario where multiple astrophysical formation channels -including isolated binaries (Postnov & Yungelson 2014) and dynamical interactions (Benacquista & Downing 2013 )-contribute to the observed population. Hundreds or thousands of GW events will be required to assess the relative role of different Corresponding author: Anuradha Gupta axg645@psu.edu formation channels (see, e.g., Gerosa & Berti 2017; Zevin et al. 2017; Powell et al. 2019; Bouffanais et al. 2019) .
Theoretical and observational arguments suggest that stellar evolution may not produce BHs of mass less than ∼ 5 M (Bailyn et al. 1998; Özel et al. 2010; Farr et al. 2011) . On the other hand, neutron stars (NSs) are expected to have a maximum mass of ∼ 3 M (Rhoades & Ruffini 1974; Özel et al. 2012; Kiziltan et al. 2013; Antoniadis et al. 2016; Alsing et al. 2018) . The heaviest NS observed to date has a mass of 2.01 ± 0.04 M (Antoniadis et al. 2013 ). There is a recent claim that PSR J0740+6620 may host a 2.2 ± 0.1 M NS, but systematic uncertainties in this measurement are still a matter of debate (Cromartie et al. 2019) . Consequently, we do not expect GW observations with component masses from ∼ 2 to ∼ 5M . This range is called the low mass gap (Bailyn et al. 1998; Özel et al. 2010; Belczynski et al. 2012) , in contrast with the "high mass gap" at M 50M due to pair-instability supernovae (Woosley 2017) .
The general consensus is that the binary NS merger GW170817 (Abbott et al. 2017b (Abbott et al. , 2018b ) produced a hypermassive NS (Margalit & Metzger 2017; Abbott et al. 2019 ) that should eventually collapse to a BH in the low mass gap (but see Yu et al. 2018; Piro et al. 2019 lived in a dense stellar cluster and the BH remnant is retained in the environment, dynamical interactions and mass segregation could allow it to interact and merge with another compact object. Future GW observations will put this idea to the test, potentially revealing the existence of a new population of compact binary mergers with one or both components in the low mass gap.
In this paper we construct a model to populate the low mass gap with BHs resulting from a population of merging NSs. Following previous work by Gerosa & Berti (2017) , we refer to compact objects born from stellar collapse as "first generation" (1g), while "second generation" (2g) compact objects are born from previous mergers. We will show that 1g+1g, 1g+2g and 2g+2g merger events in the low mass gap should have rather different chirp mass and effective spin distributions, that can potentially be distinguished with third-generation detectors such as Cosmic Explorer (Reitze et al. 2019) and Einstein Telescope (Punturo et al. 2010) . Similar ideas had previously been proposed to understand the origin of BHs in the high mass gap, if they exist in nature (Gerosa & Berti 2017 Fishbach et al. 2017; Rodriguez et al. 2018) .
The paper is organized as follows. In Sec. 2 we state our assumptions to model the expected populations of BHs and NSs. In Sec. 3 we estimate the observational signatures of binaries containing BHs formed from the merger of binary NSs. In Sec. 4 we discuss astrophysical implications and directions for future work.
BUILDING THE POPULATION
The mass distribution of NSs is an active research topic (Antoniadis et al. 2016; Alsing et al. 2018; Huang et al. 2018) . To bracket uncertainties, we consider three possibilities (Farrow et al. 2019): (i) a single Gaussian distribution with mean µ = 1.33M and standard deviation σ = 0.09M ;
(ii) a superposition of two Gaussian distributions with means µ i = 1.34M , 1.47M , standard deviations σ i = 0.02M , 0.15M , and weights ω i = 0.68, 0.32
The resulting distributions are shown in Fig. 1 (black histograms on the left of the three panels). We will refer to the population of NSs drawn from each of these distributions as the "first generation" (1g) of compact objects.
Electromagnetic observations indicate that the fastestspinning isolated NS has a dimensionless spin magnitude χ 0.4 (Hessels et al. 2006) , while NSs in binaries are expected to have even smaller spins χ 0.04 (Burgay et al. 2003; Stovall et al. 2018) . Therefore, for simplicity, we will assume our 1g NS population to be nonspinning. If formed in dense stellar environments, 1g NSs might interact with each other, form binaries, and merge. We parametrize their pairing probability as a power law
β , where m 2 ≤ m 1 . In the following, we vary β between 0 and 12. For the case of binary BHs, Abbott et al. (2018a) measured β 6.7. This pairing probability is independent of the mass ratio for β = 0 and favors the formation of comparable-mass binaries for β > 0.
For a given 1g NS binary characterized by m
and selected according to p pair (m
), we then consider their merger product: a "second-generation" (2g) BH. Numerical relativity simulations suggest that the mass ejected in binary NS mergers is a very small fraction of the total mass of the system, ranging between 10 −3 M and 10 −2 M (Shibata & Hotokezaka 2019). For simplicity, we neglect the mass loss and we simply estimate the masses of 2g BHs as m (2g) = m
The outcome of this procedure is shown in Fig. 1 We compute the spin of 2g BHs using fits to numericalrelativity simulations of BH binaries (Hofmann et al. 2016 ) neglecting tidal effects. Binaries containing second generation BHs are expected to assemble following a sequence of dynamical interactions; therefore the BH spins in such binaries are expected to be distributed isotropically.
These 2g BHs might interact with the rest of the 1g NSs in the population or with other 2g BHs, form binaries, and possibly produce GW events. If BHs heavier than 5 M formed by stellar evolution reside in the same cluster, they too could pair up with 2g BHs, and produce merger events with a more extreme mass ratio. However, we do not consider this possibility in the present work. In our model, the initial population is that of NS binaries and they are the ones that produce BHs in the mass gap. The existence of heavier BHs in the same environment could alter the distribution of BH masses and spins to be discussed below, and we plan to investigate this problem in the future.
Let us make a rough estimate of the abundance of 2g BHs by assuming that they are produced continuously since the formation of the first galaxies. The Milky Way has ∼ 10 8 NSs (Hartmann 1995) . GW170817 has established the rate of binary NS mergers to be ∼ 10 3 Gpc −3 yr −1 , which translates to a merger rate in a Milky Way Equivalent Galaxy of 10 −4 yr −1 (Abadie et al. 2010) . Within the age of the Universe ∼ 10 Gyr, we expect that such a galaxy would have witnessed as many as 10 6 binary NS mergers, leading to the same number of 2g BHs. Thus, the abundance ratio of 2g BHs to NSs in the Universe could be assumed to be α = 0.01.
This yields a mixture population
where m 1 and m 2 can be either 1g or 2g. From this distribution, we pick m 1 and m 2 according to p pair and consider their GW emission. This results in three populations: 1g+1g (where both companions are NSs), 2g+2g (where both companions are BHs), and 1g+2g (where a NS pairs with a BH).
We distribute merger redshifts uniformly in comoving volume V c and source-frame time, i.e. p(z) ∝ (dV c /dz)/(1+z), up to some horizon redshift z H . We estimate GW detectability using a standard single-detector semi-analytic approximation (Finn & Chernoff 1993) with a signal-to-noise ratio (SNR) threshold of 8 and the waveform model of Khan et al. (2016) . This defines a detection probability p det (m 1 , m 2 , z) averaged over polarization, inclination, and sky location. We neglect spins, because they have a small effect on the detection rate (Gerosa et al. 2018 ). We consider noise curves for advanced LIGO at design sensitivity (Abbott et al. 2016) and Cosmic Explorer in the wide-band configuration (Abbott et al. 2017a ). The horizon redshift z H is chosen such that p det = 0 for z > z H . In particular, we set z H = 0.3 (4) for LIGO (Cosmic Explorer).
The expected merger rate is given by
where R(z) is the intrinsic merger rate. If R NS is the total NS-NS merger rate, only the fraction f dyn coming from dynamical channels is relevant to the formation of 2g BHs, i.e., R = f dyn R NS . For simplicity we take R NS = 1000 Gpc −3 yr −1 (Abbott et al. 2018b ) and f dyn = 0.01 (e.g. Belczynski et al. 2018 ). Our results can be easily rescaled when future events will better constrain these values. In practice, we approximate Eq. (2) with a Monte-Carlo sum
where N is the total number of simulated binaries. The total number of observation is then given by N det = r × T obs , where T obs is the duration of the observing run(s). Figure 2 shows histograms of the detection rate as a function of the chirp mass M = (m 1 m 2 ) 3/5 /(m 1 +m 2 ) 1/5 . The predicted distribution presents three distinct peaks at low, moderate and high values of M: in these regimes the merger rate is dominated by 1g+1g, 1g+2g and 2g+2g mergers, respectively. The ratio between the height of the peaks is ∼ α and ∼ α 2 , as a consequence of the rate argument presented above. Among the three populations, hybrid 1g+2g mergers present the strongest dependence on β. These mergers are characterized by mass ratios ∼ 0.5, which are suppressed for steep pairing probability functions.
FILLING THE MASS GAP
Clearly, if NS masses are distributed with a singlepeak Gaussian (which could be confirmed with future observations) then even 1g-2g and 2g-2g mergers continue to leave a gap in chirp mass between ∼ 1.8 M and ∼ 2.2 M . This would be absent if massive stars are able to leave a remnant in the mass gap. Since we will be able to measure the NS mass distribution very accurately with future detections, this is a firm prediction about the existence of the mass gap that could be tested with third-generation GW detectors. Figures 3 shows the joint distribution of chirp mass and effective spin observed by Cosmic Explorer assuming the single Gaussian mass distribution and β = 0; results are qualitatively similar under the other assumptions.
Again, events separate into three distinct regions, corresponding to 1g+1g, 1g+2g, and 2g+2g. At low chirp masses, the event rate is dominated by 1g+1g NS mergers, which are slowly rotating. The effective spin is thus expected to be very small (exactly zero in our simplified model). At moderate chirp masses, the rate is dominated by 1g+2g mergers. In these BH/NS mergers, the BH is the result of a nonspinning comparable-mass merger, and therefore has χ 1 ∼ 0.7 (Berti et al. 2007 ). The NS, on the other hand, has χ 2 ∼ 0. Since we neglect mass loss and NSs have a relatively narrow mass distribution, these events have m 1 ∼ 2m 2 . The largest (smallest) effective spins these events can have correspond to θ 1 = 0 (π), which implies |χ eff | 2 × 0.7/(1 + 2)∼ 0.45, as shown in Fig. 3 . Events with M 2M are 2g+2g BH mergers. In this case, χ 1 ∼ χ 2 ∼ 0.7 and m 1 ∼ m 2 . The effective spin is bound by |χ eff | 0.7. Table 1 shows the expected number of observations, assuming one year of data from either advanced LIGO at design sensitivity or Cosmic Explorer. With secondgeneration interferometers, the observation of this population of BHs in the low mass gap is very unlikely. Third-generation detectors will be necessary to unveil these systems, thus adding yet another item to their already vast science case (Reitze et al. 2019; Punturo et al. 2010) . In a few year of operation, Cosmic Explorer might deliver between ∼ 1 and ∼ 100 BHs in the low mass gap. A few events should still be visible even if the dynamical contribution to the NS merger rate turns out an order of magnitude or more lower than what assumed here. If this population of objects exists in nature, it will be revealed by future GW detectors.
ASTROPHYSICAL IMPLICATIONS AND FUTURE WORK
Astrophysical considerations suggest the possible existence of a mass gap between the heaviest NSs and the lightest stellar-origin BHs (Bailyn et al. 1998; Özel et al. 2010) . The gap could well be just a selection effect (Farr et al. 2011 ), so it is important to verify whether BHs populating the mass gap exist in nature. GW observations will present orthogonal selection effects compared to electromagnetic probes, thus holding a promising opportunity to settle this issue. As the number of GW detections increases, we will be able to determine whether the mass gap is populated, and to set constraints on the astrophysical mechanisms that populates it (Littenberg et al. 2015; Mandel et al. 2015) .
Understanding the existence of compact objects in the mass gap has important astrophysical implications. Stellar collapse can only produce BHs with masses M 5M if the explosions are driven by instabilities that develop over time scales 200 ms. If these instabilities develop on shorter time scales, the predicted mass spectrum has a gap (Belczynski et al. 2012) .
Several arguments indicate that the binary NS merger GW170817 must have produced a hypermassive NS (Margalit & Metzger 2017; Abbott et al. 2019) , that should eventually collapse to a BH in the low mass gap. The observation of NS coalescences in O2 and O3 and simple rate estimates suggest that the ratio of NS-NS merger remnants to NSs in a Milky Way Equivalent Galaxy should be α∼ 0.01. This implies the existence of a population of low-mass BHs in merging compact binaries, which can be probed with third-generation GW detectors.
The inverse problem is also intriguing. Measuring the relative abundance of NS mergers and low-mass-gap BH mergers will allow us to infer the typical number of NS mergers occurring in a galaxy during its cosmic lifetime.
There are two important caveats. First, the overall number of observations (Table 1) is set by our very rough estimate of the merger rate originating from dynamical formation channels, here assumed to be equal to the O1+O2 estimate divided by 100. Second, we are assuming that all merger remnants are retained inside the cluster and remain available to form 2g objects. Both natal and merger kicks might decrease the available number of low-mass BHs in clusters. Including this effect in future work might provide a handle to constrain the escape speed of dense stellar clusters with GW data (Gerosa & Berti 2019 ).
In our models, BHs in the low mass gap are paired to either NSs (1g+2g) or other BHs in the low mass gap (2g+2g). Given the higher rate of BH mergers compared to NS mergers, the first observations of BHs in the low mass gap will probably come from a different population, namely the one where mass-gap BHs are paired with more massive BHs outside the gap ( 5M ). Some events (e.g. GW151226 and GW170608; Abbott et al. 2018b ) already hint at a nonnegligible probability that some BHs may be in the low mass gap. At the present sensitivity, however, those posterior tails strongly depends on the assumed prior (Vitale et al. 2017) .
The presence of a mass gap between NSs and stellarmass BHs is one of the great unknowns in relativistic astrophysics. GW170817 provided strong but indirect evidence of the existence of at least one BH in the gap. If these objects form binaries, future GW observatories will provide direct measurements of their properties.
